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1. Introduction 28 
In the literature of progressive collapse prevention, the Alternate Path (AP) method is 29 
widely used to examine the surviving structural capacity following a vertical load-carrying 30 
element loss [1, 2]. In order to prevent the initial damage from spreading to the 31 
surrounding areas in a frame system, the remaining structure within the damaged bays 32 
should be able to bridge over the lost column. When an inner column is removed from the 33 
frame, the load-carrying capacity of the double-span assembly above the removed column 34 
plays a crucial role in the progressive collapse prevention. In the simplified framework for 35 
multi-storey buildings proposed by Izzuddin et al. [3], the double-span beam-column 36 
assembly within the damage bays is deemed as the lowest level of the structure among the 37 
various levels of sub-structure idealisation, and its response is used for composing the 38 
higher level sub-structures. The performance of the double-span assembly has been found 39 
through experimental study [4-9] to primarily depend on the beam section as well as the 40 
beam-to-column connection configuration in developing the flexural and the catenary 41 
mechanisms to carry the load previously supported by the damaged (removed) column.  42 
Since the catenary mechanism involves the development of axial forces in the beams as 43 
the double-span assembly deflects downwards, the beam span l0 has been identified to be 
44 
another important factor [10-12]. However, the effect of the beam span on the performance 45 
of the double-span assembly has not been explained very thoroughly, and this technical 46 
note will show that comparisons on the basis of the beam span alone can sometimes be 47 
ambiguous or even misleading unless the context is defined clearly.  48 
In the literature, the bridging capacities of different beam spans are often simply 49 
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evaluated in terms of the vertical load resistance and the corresponding vertical translation 50 
of the damaged inner column, which were actually due to the combined effects of the 51 
beam section and the beam span [13]. In fact, Weigand & Berman [11] have stated that 52 
even the use of connection rotations would not be sufficient to objectively compare the 53 
performance of connections between double-span assemblies of varying spans. 54 
In order to compare the performance of various types of steel double-span assemblies 55 
with respect to their development of the catenary mechanism in a straightforward manner, 56 
this technical note will propose an evaluation procedure that is independent of the 57 
optimisation extent of the beam section against plastic hinging under the design floor load. 58 
The premise of the procedure is that, in order to compare the performance of various types 59 
of double-span assemblies and objectively assess the integrity of the steel beam-to-column 60 
connections, all the beams should have been similarly optimised against plastic hinging 61 
under the design floor load. The robustness of the proposed procedure will be 62 
demonstrated through numerical examples. Issues such as the dynamic effects of sudden 63 
column loss, the contributory effects of floor slabs and the second-order effects of 64 
topological changes are not relevant to the present study. 65 
2. Identification of the first problem 66 
The effect of the beam span on the progressive collapse behaviour of seismically 67 
designed steel moment resisting frames were investigated by Rezvani et al. [10] using 68 
three frames having different beam spans l0 but similar beam span-to-depth ratios R. The 
69 
design details of the three frames are shown in Table 1 and Fig. 1. The steel 70 
beam-to-column connections are assumed to be rigid in the models consisting of beam 71 
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elements. The variable Wp in Table 1 denotes the plastic section modulus. It should be 
72 
noted that the span-to-depth ratios of the three frames are not significantly different from 73 
each other. 74 
In the pushdown analysis by Rezvani et al. [10], the uniformly distributed load on the 75 
beams in the damaged bays was proportionally increased in a quasi-static manner, and it 76 
was found that the vertical resistance of the studied frames increased as the beam span 77 
decreased, as implied by Fig. 2. The pushdown analysis results of the three frames were 78 
interpreted using a load factor ζ1, which is the ratio of the applied load in the damaged 
79 
bays to its reference load computed from a given uniformly distributed load q0 on the floor 
80 
and the beam span l0, and the vertical displacement of the top of the removed column δ.  
81 
Table 1. Primary design parameters of frames in the pushdown analyses of Rezvani et al. [10]. 82 




Beam section  
of the first two storeys 
Span-to-depth 
ratio Ri 
αi= l0i/ l02 βi=Wpi/Wp2 αi
3/ βi 
Frame 1 (Case2) 4 m IPE360, Wp1=1.02×10
6 mm3 11.1 0.667 0.434 1.486 
Frame 2 (Case4) 6 m IPE500, Wp2=2.20×10
6 mm3 12.0 1.000 1.000 1.000 
Frame 3 (Case6) 8 m IPE600, Wp3=3.51×10
6 mm3 13.3 1.333 1.596 0.925 
* Sub-subscript ‘i’ denotes the frame number. 83 
 84 
 85 
 (a) Plan view.  (b) Elevation View. 86 
Fig. 1. Topology of one studied frame having the beam span of 6.0 m [10]. 87 
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      88 
Fig. 2. Pushdown analysis results of frames having different spans [10].  89 
The increased load factor ζ1 at a given vertical displacement of the smaller span 
90 
assembly can be attributed to the larger chord rotation of its shorter beams and the way the 91 
load factor ζ1 has been calculated. The latter also affects the apparent progressive collapse 
92 
strength of the assembly shown in Fig. 2. The load factor ζ1 of the three frames was 
93 
computed using the same uniformly distributed load q0 on the floor, which would be 
94 
objective only if the beams had been similarly optimised against plastic hinging under the 95 
governing design load combination (whether the normal or the seismic load). However, it 96 
is not entirely clear whether this condition holds in the case study of Rezvani et al. [10] as 97 
the plastic section modulus Wp of the smallest span given in Table 1 appears to be 
98 
somewhat large relative to that of the largest span if both are to be optimised against 99 
plastic hinging (whether under the normal design load or under the seismic load), perhaps 100 
due to the discrete availability of the beam sections in practice where the difference in 101 
plastic section moduli between one beam section and the next satisfactory size may be 102 
significantly higher than that required by the theoretical design. The finding by Rezvani et 103 
al. [10] that decreasing the span by half led to 91% increase in the progressive collapse 104 
strength should therefore be interpreted with caution since it does not appear to be general. 105 
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3. Resolution of the first problem 106 
Herein, the variable F denotes the concentrated load applied at the top of the removed 107 
column in the push-down analysis, which is equal to the progressive collapse resistance of 108 
the steel double-span assembly. When the design load is applied uniformly on the floors in 109 
a rectangular frame, the load F can be expressed as  110 
 
2
1 2 0 0=F q lζ ζ   (1) 111 
For the three frames analysed by Rezvani et al. [10], the reference uniformly distributed 112 
load q0 and the distribution factor ζ2 are constant due to the square pattern of columns in 
113 
plan (refer to Fig. 1 (a)).   114 











=  (2) 116 
The yield strength fy is the same for all three frames analysed by Rezvani et al. [10]. 
117 
 In order to compare the performance of various types of steel double-span assemblies 118 
against each other independently of the optimisation extent of the beams against plastic 119 
hinging under the design floor load, the quasi-static load F is normalized as 120 
 
2 3
1 2 0 0 0 2 0
1 1 1 2




q l l qF
F W l W
η η
ζ ζ ζ
ζ ζ= =  (3) 121 
 It should be noted that, in terms of comparing the progressive collapse resistance of 122 
various types of steel double-span assemblies, normalizing the load F against the 123 
respective plastic hinge load Fp is equivalent to normalizing the former against the design 124 
floor load for which the beams have been optimised. 125 
 The distribution factor ζ2 is not provided by Rezvani et al. [10], but Appendix A 126 
shows how a comparison between their three frames on the basis of Equation (3) can still 127 
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be conducted using the load factors ζ1 plotted in Fig. 2.  128 
Consistent with the approach of Lee et al. [13], the chord rotation is selected to be the 129 










θ = =  (4) 131 
Figure 3, which makes use of Equations (A2) and (4), reinterprets the pushdown 132 
analysis results of Rezvani et al. shown in Fig. 2. The present reinterpretation indicates that 133 
the resistance developments of the three steel double-span assemblies, which had rather 134 
similar span-to-depth ratios as evident from Table 1, are consistent with each other.  135 
 136 
Fig. 3. Re-interpreted pushdown analysis results of Rezvani et al. [10]. 137 
4. Effect of the beam span-to-depth ratio  138 
In order to ascertain the effects of the beam span-to-depth ratio, two sets of pushdown 139 
analyses were conducted in the present work using ABAQUS [14]. Each set has three steel 140 
double-span assemblies made of steel Q345 with span-to-depth ratios of 5, 10 and 15, 141 
respectively. In the first set, all the beams are composed of the same I-section 142 
H300×150×6×8 configured with square hollow section (SHS) column of SHS250×14. In 143 
the second set, the three assemblies are composed of H300×150×6×8, H400×200×7×11 144 
and H500×200×9×14, respectively, with corresponding column sections as indicated in 145 
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Table 2. All these steel double-span assemblies are designed based on the strong 146 
column-weak beam seismic design philosophy according to Chinese codes [15, 16]. Such 147 
models have been validated against published test results in [7-9]. 148 
Table 2. Beam and column sections of the steel double-span assemblies in the second set. 149 
Span-to-depth ratio Beam section  Column section 
5 H300×150×6×8 SHS250×14 
10 H400×200×7×11 SHS300×16 
15 H500×200×9×14 SHS400×16 
As illustrated in Fig. 4 (a), the FE model composed of S4R shell elements was built in a 150 
Beam-Joint-Beam (B-J-B) pattern extracted from the damaged bays of the frame. The 151 
B-J-B assembly [7] consists of a central column and two connected half-span beams, 152 
whose opposite ends are simply supported because of the assumption that the inflection 153 
point is located at the mid-span of the original beam members when the central column is 154 
removed. Horizontal movements and all rotations are restricted at the top of the central 155 
column to simulate the restraints provided by the upper floor system in this scenario. In the 156 
pushdown analyses, the quasi-static load F applied to the assembly was assumed to be 157 
concentrated at the top of the vertically unsupported central column. A tri-linear 158 
stress-strain curve of the steel material, illustrated in Fig. 4(b), was adopted.  159 
    160 
 (a) Overview of B-J-B assembly.  (b) Constitutive model of steel material. 161 
Fig. 4. FE model of steel B-J-B assemblies. 162 
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It can be seen from the analysis results plotted in Fig. 5 that, in contrast to the 163 
assemblies having similar span-to-depth ratios plotted in Fig. 3, the assemblies of each set 164 
have markedly different responses from each other due to their very different 165 
span-to-depth ratios. This outcome is similar for both sets of pushdown analyses 166 
irrespective of the beam sections used, clearly demonstrating the principal role of the 167 
span-to-depth ratio. The present result is consistent with the finding of Lee et al. [13] that 168 
the beam span-to-depth ratio is the underlying factor affecting the response of a frame 169 
structure with a removed inner column.  170 
Importantly, Fig. 5 shows that, contrary to the apparent indication of Fig. 2, the structure 171 
with the larger span is more able to develop effective progressive collapse resistance in the 172 
event of a column loss, if all the beams have been optimised against plastic hinging 173 
(whether under the normal design load or under the seismic load). Once plastic hinges 174 
form, the progressive collapse resistance of the steel double-span assembly mainly comes 175 
from the development of the catenary mechanism.  176 
    177 
 (a) Uniform beam sections H300×150×6×8.  (b) Different beam sections. 178 
Fig. 5. Effect of the beam span-to-depth ratio. 179 
5. Identification and resolution of the second problem 180 
Figure 5 shows that there appears to be some differences in the elastic responses 181 
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between the three steel double-span assemblies. In order to accentuate the differences in 182 
the development of the catenary mechanism, the chord rotation θ is normalized over the 183 
plastic rotation θp, defined as: 
184 
 p p p y 0 p y 0
p 3
0 e 0 b 0 0 b
4 /2 2
/ 2 48 / 6
=
F W f l W f l
K EI l EIl l l
δ
θ = = =  (5) 185 
where Ke is the elastic stiffness of a simply supported beam under a concentrated force in 
186 
the middle, and Ib is the second moment of area of the beam section.  
187 
The pushdown analysis results of the steel double-span assemblies in Fig. 5 are 188 
re-plotted in Fig. 6 with the horizontal axis being the normalized rotation θ/θp. It can be 
189 
seen that the different developments of the catenary mechanism under different beam 190 
span-to-depth ratios can be investigated better using Fig. 6. 191 
An equally viable alternative, if not more practical, is to plot the normalized load F/Fp 
192 
against the normalized displacement δ/δp. 
193 
     194 
  (a) Uniform beam sections H300×150×6×8.  (b) Different beam sections. 195 
Fig. 6. Normalized resistance against normalized rotation. 196 
6. Conclusions 197 
It is the beam span-to-depth ratio rather than the beam span itself that affects the 198 
progressive collapse resistance of a steel frame undergoing an inner column loss, assuming 199 
that the beams have been optimised against plastic hinging under the normal design load or 200 
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the seismic load. The ability of a steel double-span assembly to develop an effective 201 
catenary mechanism tends to increase with the span-to-depth ratio, contrary to a recent 202 
finding in the literature that the frame having a shorter span has the greater progressive 203 
collapse resistance. 204 
Normalizing the progressive collapse resistance of various types of steel double-span 205 
assemblies against a given uniformly distributed load on the floors can result in ambiguous 206 
comparisons, unless the beams have been similarly optimised against plastic hinging under 207 
the floor load. The straightforward solution is to normalize the resistance against the 208 
plastic hinge load under the column removal scenario, which would give the same 209 
comparison outcome as normalizing the resistance against the design floor load for which 210 
the beams have been optimised. 211 
In order to better compare the ability of various types of steel double-span assemblies to 212 
develop an effective catenary mechanism, it is proposed that the normalized resistance is 213 
plotted against the beam rotation normalized against the plastic rotation. 214 
One implication of the proposed procedure and the finding that steel double-span 215 
assemblies having similar span-to-depth ratios exhibit similar responses is that it enables a 216 
proper comparison between different types of moment connections as the effects of 217 
different beam sections and different spans are filtered out when the same (or similar) 218 
span-to-depth ratios are involved. Various types of connections, which may not necessarily 219 
suit a given beam section, can still be compared against each other using different beam 220 
sections provided the beam span-to-depth ratios are the same. 221 
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Appendix A. 227 
 As stated in the text, distribution factor ζ2 is not provided by Rezvani et al. [10]. In 228 
order to compare the performance of the three frames studied by them on the basis of 229 
Equation (3) and using the load factors ζ1 plotted in Fig. 2, the normalized load F/Fp of 230 
each frame is further “normalized” against the quantity η1η2 of Frame 2, 231 
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where the design parameters l0i and Wpi as well as the ratios αi and βi are listed in Table 1.  235 
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